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Somatic gonadal niche cells control the survival, differentiation, and proliferation of germline stem cells.
The establishment of this niche–stem cell relationship is critical, and yet the precursors to these two cell
types are often born at a distance from one another. The simple Caenorhabditis elegans gonadal
primordium, which contains two somatic gonad precursors (SGPs) and two primordial germ cells
(PGCs), provides an accessible model for determining how stem cell and niche cell precursors ﬁrst
assemble during development. To visualize the morphogenetic events that lead to formation of the
gonadal primordium, we generated transgenic strains to label the cell membranes of the SGPs and PGCs
and captured time-lapse movies as the gonadal primordium formed. We identify three distinct phases of
SGP behavior: posterior migration along the endoderm towards the PGCs, extension of a single long
projection around the adjacent PGC, and a dramatic wrapping over the PGC surfaces. We show that the
endoderm and PGCs are dispensable for SGP posterior migration and initiation of projections. However,
both tissues are required for the ﬁnal positioning of the SGPs and the morphology of their projections,
and PGCs are absolutely required for SGP wrapping behaviors. Finally, we demonstrate that the basement
membrane component laminin, which localizes adjacent to the developing gonadal primordium,
is required to prevent the SGPs from over-extending past the PGCs. Our ﬁndings provide a foundation
for understanding the cellular and molecular regulation of the establishment of a niche–stem cell
relationship.
& 2013 Elsevier Inc. All rights reserved.Introduction
Through their ability to self-renew and differentiate, stem cells
are responsible for the formation and homeostasis of many diverse
cell types and tissues. Many stem cells have been shown to reside
in a specialized microenvironment called the niche, where sup-
porting cells provide signals that control stem cell proliferation,
differentiation, or survival (reviewed by Hubbard, 2007; Byrd and
Kimble, 2009; Losick et al., 2011; Lehmann, 2012); in the absence
of these signals from the niche, stem cells can divide inappropri-
ately or die, leading to abnormal growth or tissue loss. An
important yet poorly understood question is how niche cell
precursors and stem cell precursors ﬁrst come together during
development to establish a functional niche–stem cell interaction.
Given the small number of model systems where the identities of
both stem and niche precursor cells are known with certainty, this
question has been challenging to address (reviewed by Morrison
and Spradling, 2008).ll rights reserved.
, Skirball Institute of Biomo-
New York, NY 10016, USA.
nce).One clear and conserved example of a niche–stem cell interac-
tion is that between somatic gonad niche cells and germline stem
cells. Interactions between these two cell types have been studied
extensively in the larval and adult Caenorhabditis elegans gonad.
The hermaphrodite gonad is comprised of two equivalent arms
in which germline stem cells proliferate at the distal ends and
differentiate into gametes more proximally (reviewed by Hubbard,
2007; Byrd and Kimble, 2009). A somatic cell called the distal tip
cell (DTC) wraps around the distal end of each gonad arm
and signals through the Notch pathway to control the proliferation
and differentiation of the germline stem cells. By tracing the
lineages of gonadal cells, it has been possible to establish that
all the somatic cells of the adult gonad (including the DTCs)
arise from just two somatic gonad precursor cells (SGPs), and
the entire germ line arises from two primordial germ cells (PGCs)
(Kimble and Hirsh, 1979; Sulston et al., 1983). The two SGPs and
two PGCs are born during embryogenesis and undergo coordi-
nated divisions during larval stages to produce the entire gonad
and germ line.
The establishment of the interaction between the two cell
types occurs during the middle of embryogenesis, when the two
SGPs and two PGCs ﬁrst come together to form the gonadal
primordium (Sulston et al., 1983; reviewed by Hubbard and
M.R. Rohrschneider, J. Nance / Developmental Biology 379 (2013) 139–151140Greenstein, 2000). Classic laser ablation experiments showed that
essential interactions between the SGPs and PGCs occur even at
these early stages. For example, if the SGP precursors are ablated
prior to gonadal primordium assembly, the PGCs die (Kimble and
White, 1981). And if the SGPs are ablated after the gonadal
primordium forms, PGCs survive but cannot proliferate (Kimble
and White, 1981). Therefore, even within the gonadal primordium,
the SGPs function as a niche for PGCs, controlling their survival
and proliferation. Despite the importance of the interaction
between SGPs and PGCs, relatively little is known about how
these two cell types ﬁrst come together to form a functional
niche–stem cell interaction.
The SGPs and PGCs are born in different regions of the embryo,
and both cell groups undergo morphogenetic movements to form
the gonadal primordium. The two PGCs (called Z2 and Z3) are born
on the posterior ventral surface of the embryo (Sulston et al., 1983)
and adhere tightly to adjacent endoderm cells. Morphogenetic
movements of the endoderm pull the PGCs from the surface of the
embryo into the center where the gonadal primordium will form
(Chihara and Nance, 2012). By contrast, the two SGPs (called Z1
and Z4) are born in more anterior regions within the interior of
the embryo and must then migrate posteriorly to join the
PGCs (Sulston et al., 1983). Cell migration is a conserved feature
of gonadal primordium development in many species, although it
is the PGCs that migrate long distances to join the SGPs in
vertebrates such as zebraﬁsh and mouse, and PGCs and SGPs are
both known to migrate in Drosophila (reviewed by Richardson
and Lehmann, 2010). However, the mechanisms used to guide
C. elegans SGPs towards the PGCs and to stop once ﬁnding them
are unknown.
Here, as an initial step towards understanding how interactions
between somatic gonadal niche cells and germline stem cells are
ﬁrst established, we have analyzed C. elegans SGP migration and
gonadal primordium assembly in vivo using ﬂuorescence time-
lapse microscopy. We describe three distinct phases of SGP
behavior: posterior migration along the endoderm, extension of
projections around adjacent PGCs, and wrapping over the PGC
surfaces. We ﬁnd that neither endoderm nor PGCs are required for
SGP migration or initiation of projections, but we identify distinct
contributions for these cells in the positioning of SGPs at the end
of their migration, in SGP projection morphology, and in promot-
ing wrapping behavior around the PGCs. Finally, we demonstrate
that the basement membrane component laminin is required to
ensure that SGPs do not over-extend past the PGCs. Our ﬁndings
provide a foundation for identifying the cellular and molecular
cues that promote the assembly of a niche–stem cell interaction
during development.Materials and methods
Strains
The following strains were used: N2 (wild type); FT853: zuIs60
[pie-1P::secretedGFP]; zuIs244 [nmy-2P::PGL-1::RFP]; ltIs44 [pie-1P::
mCherry-PHPLC1∂1] (Chihara and Nance, 2012); FT854: xnIs307 [hnd-
1P::GFP-PHPLC1∂1]; unc-119(ed3); xnIs91 [end-1P::mCherry-PHPLC1∂1];
FT885: xnIs307; xnIs91; zuIs244; FT938: end-1(ok558) end-3
(ok1448); irEx568 [end-1(+), end-3(+), sur-5::RFP]; xnIs307; xnIs91;
zuIs244; FT977: xnIs307; unc-119(ed3); ltIs44; FT983: xnIs307; unc-
119(ed3); xnIs360 [mex-5P::mCherry-PHPLC1∂1::nos-2UTR]; IM253:
urEx131[IM#px41.1 (lam-1::gfp), pRF4 (rol-6)] (Kao et al., 2006);
SS149: mes-1(bn7) (Strome et al., 1995). Some strains were
provided by the CGC.Transgene construction and worm transformation
hnd-1P::GFP-PHPLC1∂1 and mex-5P::mCherry-PHPLC1∂1::nos-2UTR
were created using Multisite Gateway™ (Invitrogen), the pCFJ150
destination vector (Frokjaer-Jensen et al., 2008), and the following
entry clones: 5′ entry clones: pMRR2 (hnd-1P) (this study) and
pJA252 (mex-5P) (Zeiser et al., 2011), middle entry clones pJN535
(GFP-PHPLC1∂1) (this study) and pMRR7 (mCherry-PHPLC1∂1) (this
study), and 3′ entry clones pCM1.36 (tbb-2UTR) (Merritt et al.,
2008) and pDC10 (nos-2UTR) (Chihara and Nance, 2012).
To make pJN535 (GFP-PHPLC1∂1), GFP fused to the rat PLC1∂1 PH
domain (Audhya et al., 2005) was PCR ampliﬁed and recombined
into pDONR221 (Invitrogen) using Gateway™.
To make pMRR2 (hnd-1P), the ﬁrst two exons of hnd-1 plus
1587 bp upstream of its start ATG, a sequence identiﬁed by
Mathies et al. (2003) as promoting SGP expression, was PCR
ampliﬁed and cloned into pDONR-P4-P1R (Invitrogen) using Gate-
way™ and the following primers:
oMRR1: GGGGACAACTTTGTATAGAAAAGTTGTTAGGTGCCGAG-
TAGCATATGAC
oMRR3:
GGGGACTGCTTTTTTGTACAAACTTGCATCTCATTTCCTCCCAGCAATT
To make pMRR7 (mCherry-PHPLC1∂1), mCherry was PCR ampli-
ﬁed from pJA281 (mex-5P::mCherry), and used to replace GFP in
middle entry clone pJN535 (GFP-PHPLC1∂1).
Integrated transgenic lines were created by microparticle
bombardment of unc-119(ed3) as described (Praitis et al.,
2001).
Microscopy
All images were of embryos mounted on 4% agarose at the 1–2
cell stage and allowed to develop to the appropriate stage at 25 1C.
4D DIC movies were acquired using a Zeiss AxioImager, 631.4NA
objective, Nomarski optics, an Axiocam MRM camera and AxioVi-
sion software. Z-stacks at 0.5 μm intervals were captured every
45 s, and SGPs, PGCs, and various endoderm cells were identiﬁed
by lineaging with the help of MTrackJ software (Meijering et al.,
2012). SGP birth location was measured from DIC movies of wild
type, mes-1(bn7) mutant, and end-1 end-3 mutant embryos.
Combined ﬂuorescence and DIC Z-stacks (1–2 μm intervals) were
also acquired using this microscope.
4D ﬂuorescence movies were acquired using a Leica SP5
confocal microscope, 631.3NA water-immersion objective,
488 nm and 594 nm laser lines. Embryos for transverse movies
were mounted as previously described (Rasmussen et al., 2012).
All movies and Z-stacks were analyzed and quantiﬁed in ImageJ.
Images were cropped, rotated, and levels were adjusted in Adobe
Photoshop. Supplemental movies were created using ImageJ or
Imaris.
Laser irradiation
Laser irradiation was performed as previously described
(Chihara and Nance, 2012), except MSap or MSpp were targeted,
and after irradiation, embryos were allowed to develop to the
desired stage. We did not observe a difference in the results of
MSap (n¼10) and MSpp (n¼17) ablations. Irradiated embryos
were analyzed only if the expected SGP was missing (as detected
by both hnd-1P::GFP-PHPLC1∂1 and DIC imaging), and non-targeted
lineages were normal.
RNAi
RNAi was performed by the feeding method as previously
described (Chihara and Nance, 2012) using empty vector
Fig. 1. SGPs migrate posteriorly, extend projections, and wrap around the PGCs. In this and subsequent ﬁgures, time shown is minutes after SGP birth. Anterior is to the left;
ventral view. Embryo is ∼50 mm in length. (A) Schematic of the three phases of SGP morphogenetic behaviors during gonadal primordium assembly. SGPs are green, ventral
endodermal cells are outlined in red and labeled (‘e’), dorsal endodermal cells are outlined in maroon. PGCs are shaded in gray and indicated with an asterisk. “m” marks the
midline. (B, C) Stills from a 4D confocal movie of embryo expressing the cell surface membrane marker pie-1P::mCherry-PHPLC1∂1. PGCs are marked with an asterisk, SGPs are
indicated with a ﬁlled green circle, and SGP migratory path indicated with a dashed green line. The SGP sister is marked with ‘+’, and open green circle in (B) is the parent of
the SGP that has not yet divided. (D–F) Blow-up of boxed region shown in (B, C) at indicated times, labeled as above; ‘e’ cells are endoderm adjacent the PGCs.
(D′—F′) Schematic of panels (E) and (F) showing cell outlines and position of SGPs; cells are marked as in panel A. (G–J) Stills from a 4D confocal movie of embryo expressing
hnd-1P::GFP-PHPLC1∂1 (SGPs), end-1P::mCherry-PHPLC1∂1 (endoderm), and nmy-2P::PGL-1::RFP (PGC-speciﬁc P-granules). PGCs are indicated with asterisks. (G) The SGPs extend
small protrusions over the endoderm (arrowhead), (H) then extend long projections posterior to the PGCs (arrow). (I) The SGPs subsequently expand over to cover the
ventral and anterior surfaces (arrow), (J) and ﬁnally wrap completely around the PGCs. Scale bars are 5 mm.
M.R. Rohrschneider, J. Nance / Developmental Biology 379 (2013) 139–151 141pPD129.36 in HT115 as a negative control. mes-1 RNAi were
performed at 251 and lam-1 and lam-2 RNAi was performed at
201 or 251.
RNAi feeding constructs targeting lam-1 and lam-2 were cloned
into the pPD129.36 RNAi feeding vector (Timmons and Fire, 1998)digested with EcoRV. lam-1 and lam-2 exon-rich DNA was ampli-
ﬁed from genomic DNA with the following primers:
lam-1: GTGCCGACATTACTCATTACG, CTCCGAGTCTTGGATCTC
lam-2: CCCAAGAATCAATGAACTCGAA, CATCCATTGGCACTGAATCC
lopmental Biology 379 (2013) 139–15140 bp homology arms to sequences ﬂanking the EcoRV sites in
pPD129.36 were included at the 5′ end of each primer. Inserts and
vector were combined using Gibson end-joining (Gibson et al., 2009).
Immunostaining
Embryos were ﬁxed, stained, and imaged as described
(Anderson et al., 2008). The following antibodies were used: rabbit
α-GFP 1:1000 (Abcam), rat α-mCherry 1:10 (Rottach et al., 2008),
and chicken α-LAM-3 (Huang et al., 2003).
M.R. Rohrschneider, J. Nance / Deve142Results
Somatic gonad precursors migrate posteriorly and wrap around the
PGCs
To observe how the SGPs migrate to the PGCs and determine
the path that they follow, we recorded three-dimensional ﬂuor-
escence time-lapse (‘4D’) movies of embryos expressing pie-1P::
mCherry-PHPLC1∂1, which labels the plasma membrane of all cells
(Fig. 1B–F; D′–F′ are schematics of D–F). The two SGPs (green in
Fig. 1A, marked with circles in Fig. 1B and D) arise from separate
lineages but are born at a similar time (∼250 min after the ﬁrst
cleavage; Sulston et al., 1983), one on each side of the midline and
lateral to the anterior-most cells of the endoderm (Fig. 1A, B and D;
Fig. 4D). Their birth position corresponds to a location of 4872%
embryo length (n¼8 embryos; values are averages7standard
deviation here and throughout the paper), as measured from the
anterior tip (0%) to posterior pole (100%) of the embryo (a distance
of ∼50 mm). At this stage, the two PGCs (asterisks, Fig. 1B and D;
Fig. 4D) lie more posteriorly, on opposite sides of the midline,
adjacent to one another in a pocket formed by the endoderm cells.
After their birth (circles, Fig. 1B and D), the SGPs immediatelyFig. 2. SGP wrapping over PGC surfaces. (A–C) Stills from 4D confocal movie of embry
(PGCs) imaged from a ventral perspective; a central focal plane (left three panels) as w
shown. (D–G) Same as (A–C) except imaged transversely from a posterior perspective, m
extending projections over the posterior surfaces of the PGCs (A, D–F), then expandingbegan to elongate in shape (compare Fig. 1D and E), then migrate
posteriorly just lateral to the endoderm (Fig. 1E and F). At
2779 min after their birth, each SGP ﬁrst contacted its ipsilateral
PGC (Z1 adjacent to Z2 on the right side of the embryo; Z4
adjacent to Z3 on the left; Fig. 1E). At this point, the SGPs stopped
elongating further, but continued moving posteriorly until they
came to lie just posterior and lateral to the PGCs and just anterior
and lateral to the posterior-most ventral endodermal cells (row 8;
Leung et al., 1999) (7073% embryo length, n¼23 embryos;
Fig. 1F). SGP migration lasted 6076 min and covered an average
distance of 12 μm (Fig. 1C, Fig. 4D; n¼7 embryos). By contrast,
the sister cell of each SGP (marked by a +, Fig. 1B–F) remained
in approximately the same location over this time period, demon-
strating that the posterior movement of the SGPs was active
migration rather than the result of tissue movements. In summary,
the SGPs begin to migrate posteriorly immediately after their
birth, appear to be in close association with the endoderm
throughout their migration, and stop migrating when they reach
a location just posterior to the PGCs (Fig. 1A).
To more easily visualize the dynamic movements of the
migrating SGPs and the cells that they contact, we constructed a
transgene that labels the surfaces of the SGPs with green ﬂuor-
escent protein (hnd-1P::GFP-PHPLC1∂1), and combined it with
transgenes that label the surfaces of the endoderm with mCherry
(end-1P::mCherry-PHPLC1∂1) and the PGCs with the P granule
marker nmy-2P::PGL-1::RFP. hnd-1P::GFP-PHPLC1∂1 was ﬁrst visibly
expressed in SGPs when they had migrated about half of the
distance to the PGCs, and expression peaked after the two cell
types met (Fig. 1G–J). In multi-color 4D movies, we observed the
migrating SGPs extending short protrusions both posteriorly and
medially over the surface of the endoderm (arrowhead, Fig. 1G;
Movie S1). Shortly after the SGPs came into contact with the PGCs,
they each extended a single long projection medially, around theo expressing hnd-1P::GFP-PHPLC1∂1 (SGPs) and mex-5P::mCherry-PHPLC1∂1::nos-2UTR
ell as a maximum intensity (MIP) projection all the way through the two cells is
aximum intensity projection shown. In both sets of images, the SGPs can be seen
and wrapping over the ventral surfaces of the PGCs (B, C). Scale bars are 2.5 mm.
Fig. 3. SGPs migrate, extend projections, and wrap PGCs independently of each
other. (A-B′) Live embryos expressing hnd-1P::GFP-PHPLC1∂1 (SGPs) and mex-5P::
mCherry-PHPLC1∂1::nos-2UTR (PGCs) where one SGP has been ablated by laser-
irradiating its ancestor. PGCs are marked with an asterisk. (A) The single (control)
SGP is beginning to extend a medial projection posterior to its ispilateral PGC.
(B, B′) The two PGCs are in different focal planes. Lobe-like PGC protrusions (typical
for this stage) are evident above the cell body. (B) The SGP on the control
(un-irradiated) side wraps around its ipsilateral PGC normally, but does not extend
to wrap the contralateral PGC (B′). Scale bars are 2.5 mm.
M.R. Rohrschneider, J. Nance / Developmental Biology 379 (2013) 139–151 143posterior edge of the PGCs and just anterior to the endoderm row
8 cells (4579 min after their birth; arrows in Fig. 1H; n¼7
embryos). While the projections from Z1 to Z4 could touch brieﬂy,
in general each SGP respected the midline: Z1 remained on the
right side of the embryo and extended around Z2, while Z4
remained on the left side and extended around Z3 (Fig. 1G–J).
Finally, ∼90 min after the SGPs were born, they each ﬁnished
wrapping around the adjacent PGC (Fig. 1A, I and J).
Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2013.03.019.
To determine whether the SGP projections wrapped directly
around the PGC surfaces, we constructed a transgene that labels the
PGC surfaces with mCherry (mex-5P::mCherry-PHPLC1∂1::nos-2UTR) and
combined it with the SGP surface marker. Multi-color 4D movies
showed that the SGP projections were indeed tightly associated with
the surfaces of the PGCs as soon as the two cell types initiated contact
with each other (Fig. 2A–C; Movie S2; n¼9 embryos). In movies of
embryos imaged transversely from their posterior end, we observed
that these projections were dynamic lamellar structures that ﬁrst
extended towards the midline (where the PGCs contacted one
another) then broadened to cover the posterior surface of the PGCs
(Fig. 2D–F; n¼8 embryos). The SGP projections continued to expand
over the ventral surfaces of the PGCs and around to their anterior sides
(arrows in Fig. 1I, Fig. 2B and C), ensheathing the ventral surfaces of
the PGCs and forming the four-celled gonadal primordium [Fig. 2G;
the dorsal PGC surfaces protrude into the endoderm (data not shown
and Sulston et al., 1983)]. All together, our time-lapse imaging
experiments revealed three distinct phases of SGP behavior leading
to gonadal primordium assembly (summarized in Fig. 1A). In Phase 1,
the SGPs migrate posteriorly along the endoderm. In Phase 2, the SGPs
extend a single, long projection around the adjacent PGC. Finally, in
Phase 3, the SGPs dramatically wrap around the PGCs, ensheathing
their ventral surfaces.
SGPs migrate, extend projections, and wrap the PGCs independently
of each other
Although Z1 and Z4 are born and migrate posteriorly on opposite
sides of the embryo, they move through the three phases of SGP
behavior in unison and with mirror-symmetry across the midline.
These observations raised the possibility that either the SGPs com-
municate with one another to coordinate their morphogenesis, or
alternatively, that the SGPs are each inﬂuenced by the same global
signals. To distinguish between these two possibilities, we killed the
ancestor of one SGP by laser-irradiation and observed the behavior of
the remaining SGP using transgenes to mark the SGP and PGC
surfaces. We found that the remaining SGP always migrated to the
normal location (7073% embryo length; n¼7 embryos; Fig. 3A),
extended a long projection around the posterior side of the ipsilateral
PGC (7/7 embryos at t¼60′; Fig. 3A), and eventually wrapped entirely
around that PGC (20/20 embryos at t¼120′; Fig. 3B). In laser-irradiated
embryos, we never observed the single SGP signiﬁcantly over- or
under-migrate, or wrap around the contralateral PGC. We conclude
that even though the two SGPs undergo mirror-symmetric and
synchronous morphogenetic movements, Z1 and Z4 are not depen-
dent on each other for their posterior migration, extension of projec-
tions, or wrapping behaviors.
PGCs regulate SGP projections and wrapping behaviors but not
migration
The interactions we observed between the SGPs and the PGCs
suggested that the PGCs might guide SGP morphogenetic beha-
viors during primordial gonad assembly. In order to test whether
the PGCs are required for normal SGP migration behavior, we used
mes-1 RNAi, which transforms the PGCs into muscle-like cells thatcontain P granules within their cytoplasm (Strome et al., 1995). We
examined mes-1(RNAi) embryos using 4D ﬂuorescence microscopy
and transgenes that mark the SGP and endoderm surfaces, as well
as P granules to monitor the effectiveness of mes-1 RNAi. In mes-1
(RNAi) embryos, the SGPs were born at the same location as in
wild-type embryos (at 4873% embryo length, n¼6 embryos;
Fig. 4D). The SGPs still migrated posteriorly along the lateral edges
of the endoderm in mes-1(RNAi) embryos (Fig. 4A and B), and they
remained lateral to the endoderm (11/12 SGPs) but ceased migrat-
ing at a slightly more anterior position (6674% embryo length,
compared to 7073% in wild type; n¼14 embryos; Fig. 4D).
In the absence of PGCs, the SGPs extended projections that were
abnormal in shape and orientation compared to those in wild-type
embryos. While 7/12 SGPs extended projections primarily in a medial
direction in mes-1(RNAi) embryos (24/24 SGPs in wild type), 5/12
SGPs extended projections that were abnormally oriented in an
anterior, posterior, or ventral direction (Fig. S1). Moreover, the
projections in mes-1(RNAi) embryos appeared thicker (arrows in
Fig. 4A and B) and more dynamic than those in wild type, and the
SGPs extended numerous short projections in various directions
(Movie S3). Furthermore, the SGPs in mes-1(RNAi) embryos never
wrapped around any cell, and continued to extend projections
more than 90 min after their birth (0/24 wild-type SGPs were still
extending projections at t¼90′), even when they came in contact
with a transformed (P-granule-containing) muscle cell (Fig. 4C).
Welchman et al. (2007) reported that in mes-1(RNAi) larvae, SGPs
did not have projections, suggesting that the early dynamic
projections eventually collapse. We conclude that PGCs are dis-
pensable for SGP posterior migration but are required for the
precise positioning of SGPs at the end of their migration. Further,
M.R. Rohrschneider, J. Nance / Developmental Biology 379 (2013) 139–151144while PGCs are not needed to initiate formation of SGP projections,
PGCs are essential for the morphology and behavior of the SGP
projections and for the wrapping behavior of the SGPs. Theseobservations suggest that PGCs provide local signals that organize
the SGP projections and promote the transition from the extension
of projections (Phase 2) to wrapping behaviors (Phase 3).
Fig. 5. Cell separations are present along the SGP migration route in wild-type but not laminin-depleted embryos. Stills from a 4D confocal movie of embryo expressing pie-
1P::mCherry-PH (cell surfaces), nmy-2P::PGL-1::RFP (PGC-speciﬁc P-granules), and pie-1P::secreted GFP (spaces between cells). SGP is indicated with a ﬁlled white circle, PGCs
with asterisks. Images (A–F) show a region comparable to that in Fig. 1D–F; the midline is at the top of each image. (A–C) Wild-type embryo. (A) Spaces (arrows) can be seen
lateral to the endoderm and PGCs, (B and C) and the SGPs migrate into these spaces. (D–F) lam-1(RNAi) embryo. (D and E) Few spaces are evident as the SGPs migrate
posteriorly (F) and over-extend past the PGCs. In (A′) and (D′) the bracketed areas in (A) and (D) are shown, at a plane 2 mm dorsal to the SGP migration path,
to illustrate spaces dorsal to the SGP (arrowhead in A′). Scale bars are 5 mm.
M.R. Rohrschneider, J. Nance / Developmental Biology 379 (2013) 139–151 145Endoderm is required for the morphology and positioning of SGPs at
the end of their migration
Since the SGPs migrate in close apposition to the endoderm, we
next asked whether endodermal cells regulate SGP morphogenetic
behaviors. In end-1 end-3 mutant embryos, the endodermal cell
lineage is transformed to adopt epidermal- and muscle-like cell
fates (Owraghi et al., 2010). We captured 4D ﬂuorescence movies
of end-1 end-3 embryos expressing transgenes that label the SGP
surfaces, P granules within PGCs, and transformed endodermal
cells (which still express end-1P::mCherry-PHPLC1∂1). We observed
that the SGPs were born in approximately the normal location inFig. 4. PGCs are required for SGP wrapping, and PGCs and endoderm are required for SGP
of the indicated genotype expressing hnd-1P::GFP-PHPLC1∂1 (SGPs), end-1P::mCherry-P
indicated with asterisks. See Fig. 1G–J for comparison to wild type. (A–C) Arrowheads ma
projections (arrows in (A, B), (B) and do not migrate quite as far posteriorly (dashed line
extend projections and fail to transition to wrapping behaviors. (D) Quantiﬁcation of SGP
into those with internal PGCs “int” (solid gray rectangle) and external PGCs “ext” (ha
boundaries), and standard deviation (error bars) are shown. The SGP birth locations were
birth and end location was signiﬁcant for each category. The difference between wild-ty
signiﬁcant (po0.001, two-tailed Student's t-test). (E–H) (E) In end-1 end-3 embryos, th
posteriorly (dashed line indicates distance migrated from average SGP birth location). S
(G) SGPs eventually wrap around PGCs. Expression of hnd-1P::GFP-PHPLC1∂1 in a misplaced
extend short projections (arrowheads) but fail to wrap around any cell. (I) end-1 end-3 em
SGPs (arrows). Scale bars are 5 mm.end-1 end-3 embryos (at 5074% embryo length, n¼6 embryos;
Fig. 4D). However, while the SGPs still migrated posteriorly in the
absence of endoderm, they stopped migrating at a more anterior
position (6574% embryo length, compared to 7073% in wild
type; n¼21 embryos; Fig. 4D–G). Since endodermal cells facilitate
PGC gastrulation movements, the PGCs remain on the surface of
the embryo in many end-1 end-3 mutants (Chihara and Nance,
2012). Notably, the SGPs in end-1 end-3 embryos migrated the
same distance posteriorly whether the PGCs were internalized or
remained on the embryo's surface (Fig. 4D).
In the end-1 end-3 embryos in which the PGCs failed to ingress
(n¼3 movies), the SGPs extended short dynamic projections inpositioning and projection morphology. Stills from a 4D confocal movie of embryos
HPLC1∂1 (endoderm), and nmy-2P::PGL-1::RFP (PGC-speciﬁc P-granules). PGCs are
rk P-granules in transformed PGCs. (A) Inmes-1(RNAi) embryos, SGPs extend thicker
indicates distance migrated from average SGP birth location). (C) SGPs continue to
and PGC position in indicated genotypes. Data for end-1 end-3 embryos is divided
tched gray rectangle). The median (line in box), 25th and 75th percentiles (box
not signiﬁcantly different between the four categories. The difference between SGP
pe SGP end location and the end locations for the other three genotypes was also
e SGPs extend shorter, thicker projections (arrows), (F) and do not migrate as far
GPs can shift more medially and come in contact with each other (arrows in F, G).
non-SGP cell is indicated (#). (H) In end-1 end-3 embryos with PGCs external, SGPs
bryo in which one SGP contacts both PGCs, and one PGC is brieﬂy wrapped by both
Fig. 6. LAM-3 localizes adjacent to the site of gonadal primordium formation. Embryos expressing hnd-1P::GFP-PHPLC1∂1 (SGPs) and end-1P::mCherry-PHPLC1∂1 (endoderm),
triple-stained for GFP (green), LAM-3 (red in panels A, B′), and mCherry (red in (C, C′), as indicated. Nuclei are blue. Images in (A′—C′) are single-color panels of corresponding
embryos in (A–C). (B) and (C) are the same embryo. The endodermal row 8 cells are marked (‘e’) and asterisks mark PGCs. (A–A′) Laminin localizes between germ layers
and around the endodermal row 8 cells before the SGPs reach the end of their migration, (B–C′) and as the SGPs are extending projections. Brighter LAM-3 on the left side in
(A–A′) surrounds the pharynx. Scale bar is 5 mm.
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embryos) but did not migrate to the external PGCs nor wrap
around any other cell (Fig. 4H). In the end-1 end-3 embryos
in which one or both PGCs had ingressed (n¼5 movies), the SGPs
always extended projections around the PGCs they contacted, but
these projections were often shorter and thicker than in wild type
(4/5 movies; arrows in Fig. 4E and F). Furthermore, in end-1 end-3
embryos, one or both SGP cell bodies often shifted more medially
than in wild-type embryos (on either the posterior, anterior, or
dorsal side of the PGC; 4/5 movies; arrows in Fig. 4F and G),
frequently coming into extensive contact with each other (4/5
movies; Fig. 4E–G) and even in temporary contact with the
contralateral PGC (3/5 movies; Fig. 4I). However, as long as the
PGCs were internal, each SGP eventually wrapped around just its
ipsilateral PGC (4/5 movies; in the 5th movie, both SGPs wrapped
around the single internalized PGC, as the other PGC remained
external, data not shown). We conclude that endoderm is not
required for SGPs to migrate posteriorly, extend projections, or
wrap around the PGCs. However, endoderm is required for the
normal morphology of the SGP projections, for SGPs to reach their
regular ﬁnal position just posterior to the PGCs, and to prevent
SGPs from shifting medially and contacting the contralateral SGP
and/or PGC. Therefore, the endoderm provides a molecular signaland/or a physical constraint that inﬂuences the position and
morphology of the SGPs.
To examine the physical constraints provided by surrounding cells
during SGP migration, we analyzed transgenic embryos expressing
mCherry at all cell membranes and secreted GFP in intercellular
spaces (pie-1P::secretedGFP). While the surfaces of most cells in the
embryo were contiguous, we found that small spaces opened up
between the endoderm and surrounding mesoderm, and the SGPs
migrated posteriorly into small pockets of space just lateral to the
PGCs (8/8 embryos; Fig. 5A and B). However, we also frequently
observed open space just dorsal to the SGPs (arrowhead, Fig. 5A′), yet
the SGPs always chose to migrate posteriorly rather than dorsally.
Therefore, open space alone is not sufﬁcient to instruct SGP posterior
migration, although it could contribute to the ﬁnal positioning of the
SGPs. While the physical landscape provided by the endoderm and
PGCs may facilitate SGP positioning, local or global guidance signals
likely instruct SGP migration and morphogenetic behavior.
Laminin localizes between germ layers as the SGPs migrate and
extend projections
Basement membrane can provide cues that regulate cell migra-
tion, the formation of cellular protrusions, and both increased and
Fig. 7. Laminin is required to prevent SGP over-extension past the PGCs. Stills from a 4D confocal movie of embryo expressing hnd-1P::GFP-PHPLC1∂1 (SGPs), end-1P::mCherry-
PHPLC1∂1 (endoderm), and nmy-2P::PGL-1::RFP (PGC-speciﬁc P-granules). PGCs are indicated with asterisks. See Fig. 1(G–J) for comparison to wild type. In lam-1(RNAi)
(A, B) and lam-2(RNAi) (D, E) embryos, SGPs extend projections around the PGCs (arrows), (C, F) but SGPs shift to lie posterior to the PGCs (white circles), and over-extend
beyond the PGCs (vertical arrows indicate farthest posterior extensions). (G) Quantiﬁcation of SGP over-extension beyond PGCs in live embryos of the indicated genotype at
t¼70′. To the right, a schematic of how measurements were taken in representative wild-type (top) and lam-1(RNAi) or lam-2(RNAi) embryos (bottom) is shown. Error bars
are standard deviation. (***¼po0.001, two-tailed Student's t-test). n¼27, 20, and 43 embryos for control, lam-2(RNAi) and lam-1(RNAi), respectively. Scale bars are 5 mm.
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Mori et al., 2010; reviewed by Yurchenco, 2011). In C. elegans,
basement membrane ﬁrst appears between the germ layers at the
middle of embryogenesis, at the approximate stage when the
gonadal primordium is forming (Huang et al., 2003; Kao et al.,
2006). Because we have shown that the SGPs migrate posteriorly
between the endoderm and mesoderm cell layers, we examined the
localization of basement membrane relative to the migratory path of
the SGPs. Laminin is the ﬁrst component of the basement membrane
to be detected extracellularly (Graham et al., 1997; Huang et al.,
2003; Kao et al., 2006), and in other systems, has been shown to
organize other basement membrane components (De Arcangelis
et al., 1996; Smyth et al., 1999; reviewed by Hohenester and
Yurchenco, 2012). Laminin functions as a heterotrimer of α, β, and γ
chains, and in C. elegans there are two laminin α chain genes (lam-3
and epi-1) and only single laminin β (lam-1) and laminin γ (lam-2)
chain genes (Zhu et al., 1999; Huang et al., 2003; Kao et al., 2006). We
examined laminin localization in embryos where the SGP and
endoderm surfaces were labeled. At this stage, LAM-3/Laminin αA
immunostaining was evident between the germ layers, including on
most surfaces of the endoderm (Fig. 6A–C). In particular, LAM-3
localized around the surfaces of the endoderm row 8 cells (labeled
“e” in Fig. 6), just before and as the SGPs extended projections
between the anterior surfaces of these endoderm cells and the
posterior surfaces of the PGCs (Fig. 6A–C). A functional LAM-1-GFP
fusion protein showed a similar pattern of localization, including
around the gonadal primordium at later stages (asterisk in Fig. S2A).
Therefore, laminin basement membrane is present on endodermal
surfaces where the SGPs migrate and extend projections around
the PGCs.
Laminin is required to prevent SGP over-extension
To determine if laminin is required for SGP morphogenesis, we
used RNAi to target lam-1/laminin β or lam-2/laminin γ, since LAM-
1 and LAM-2 are unique and essential components of the laminin
heterotrimer (Huang et al., 2003; Kao et al., 2006). lam-1 RNAi
prevented detectable expression of the LAM-1-GFP reporter
(Fig. S2B), while lam-2 RNAi effectively blocked secretion of LAM-1-
GFP from cells (Fig. S2C), indicating that knockdown of both genes
was effective. lam-1(RNAi) embryos and lam-2(RNAi) embryos
arrested during late embryogenesis with similar misshapen
phenotypes, as observed previously (Kao et al., 2006), but lam-1
(RNAi) and lam-2(RNAi) embryos appeared superﬁcially normal at
the stage when the primordial gonad formed. We captured 4D
movies of lam-1(RNAi) or lam-2(RNAi) embryos expressing SGP
and endodermal surface markers as well as the PGC-speciﬁc P
granule marker (Fig. 7A–F). In lam-1(RNAi) embryos, the SGPs still
migrated posteriorly and extended projections around the poster-
ior sides of the PGCs (arrows in Fig. 7A and B; Movie S4). However,
while wild-type SGPs always remained lateral to the PGCs and
endoderm (24/24 SGPs in 12 movies), SGPs in lam-1(RNAi)
embryos often shifted to lie more posterior to the PGCs (13/16
SGPs in 8 movies; circle in Fig. 7C). Most notably, rather than
stopping when they reached the PGCs, the SGPs frequently
continued extending more posteriorly in lam-1(RNAi) embryos,
just lateral to the endodermal row 8 cells (13/16 SGPs in 8 movies;
Fig. 7B, arrow in 7C). We observed similar phenotypes in lam-2
(RNAi) embryos (Fig. 7D–F). We quantiﬁed SGP over-migration by
measuring the distance from the center of the PGC nucleus to the
posterior-most tip of the SGP at t¼70′. While SGPs extended an
average of 471 μm beyond the PGC nucleus in wild-type embryos
(n¼27 embryos), SGPs extended signiﬁcantly farther posterior in
lam-1(RNAi) (n¼20 embryos) and lam-2(RNAi) (n¼43 embryos)
embryos, averaging 772 μm beyond the PGCs in both genotypes
(Fig. 7G). Despite this over-extension, the SGPs always remained incontact with the PGCs, and eventually retracted anteriorly and
ﬁnished wrapping around the PGCs (16/16 SGPs in 8 movies).
Because laminin depletion could affect SGP migration indirectly
by altering tissue organization in the embryo, we examined the
position of the PGCs and the endoderm in lam-1(RNAi) and in
lam-2(RNAi) embryos. We noted small changes in the positioning
of the PGCs (Fig. S3A) and the orientation of the endodermal row
8 cells (Fig. S3B,C) in some embryos. However, these phenotypes
correlated with SGP over-extension weakly (Fig. S3D) or not at all
(Fig. S3E), indicating that laminin likely affects these processes
independently. An additional possibility is that laminin depletion
creates extra open spaces lateral to the posterior endoderm that
the SGPs over-extend into. To test this hypothesis, we examined
lam-1(RNAi) embryos expressing markers that label all cell sur-
faces with mCherry and intercellular spaces with secreted GFP. We
found that lam-1(RNAi) embryos did not have any extra pockets of
space lateral to the endodermal row 8 cells (compare Fig. 5C to F;
n¼8 embryos), and indeed there was little open space around the
endoderm at all, including lateral to the PGCs (Fig. 5, compare D
and E to A and B). Overall, we conclude that laminin is required to
prevent the over-extension of the SGPs, and it is unlikely to do so
through alterations in embryo architecture.Discussion
The C. elegans gonadal primordium provides an excellent model
for investigating how stem cell and niche cell precursors ﬁrst
assemble during development. Previous observations of live embryos
and larvae revealed the basic organization of the gonadal primor-
dium. For example, in the course of describing the complete embryo-
nic lineage using DIC microscopy, Sulston and colleagues noted that
SGPs migrate posteriorly to join the PGCs during mid-embryogenesis
(Sulston et al., 1983). Subsequent studies using transgenic strains that
mark the cytoplasm of the SGPs with GFP revealed that SGPs appear
to cradle the PGCs within the gonadal primordium (Mathies et al.,
2003). However, these techniques did not allow observation of the
dynamic cellular events and interactions that underlie gonadal
primordium assembly. We visualized these steps in detail for the
ﬁrst time by constructing transgenic strains that label the plasma
membranes of the SGPs and interacting cells, and by recording time-
lapse movies as the gonadal primordium assembles.
Our observations allow us to separate SGP morphogenetic beha-
viors into three distinct phases (Fig. 1A). In Phase 1, the SGPs migrate
posteriorly, along the lateral sides of the endoderm, towards the two
PGCs. In Phase 2, each SGP extends a single, long projection around
the ipsilateral PGC. In Phase 3, the SGP projections expand over the
exposed PGC surfaces, eventually wrapping around the PGCs to form
the gonadal primordium. We have determined that neither the
endoderm nor the PGCs are required for SGP posterior migration,
though both tissues play a role in the ﬁnal positioning of the SGPs.
Further, while neither endoderm nor PGCs are required for the initial
extension of SGP projections, both are required for the normal
morphology of the projections, and the PGCs are essential for SGP
wrapping behavior. Finally, we have shown that laminin localizes
between germ layers as the gonadal primordium forms and is
required to prevent the SGPs from over-extending past the PGCs at
the end of their migration. This work provides a foundation for
understanding how the gonadal niche–stem cell interaction is
established in C. elegans, and provides a basis for comparison to
niche–stem cell assembly events in other species.
SGP posterior migration and ﬁnal positioning
Because SGPs and PGCs are known to be born in different
regions of the embryo in many species, cell migrations are a
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ﬁrst carried into the interior of the embryo by the invaginating
endoderm (DeGennaro et al., 2011). PGCs subsequently exit the
endoderm and are guided to the somatic gonad precursors
through a series of steps, which include attractive cues arising
from the SGPs and repulsive cues originating from tissues sur-
rounding the PGC migration path (Starz-Gaiano et al., 2001; Van
Doren et al., 1998; Zhang et al., 1997; reviewed by Richardson and
Lehmann, 2010). PGC migration in several vertebrate systems also
occurs in multiple steps, and migration in zebraﬁsh and mouse is
regulated by attractive cues present along the migratory paths of
the PGCs and in the location where the gonad will form (reviewed
by DeFalco and Capel, 2009; Raz and Reichman-Fried, 2006;
Richardson and Lehmann, 2010). Considerably less is known about
the morphogenetic movements of the SGPs, but recent work in
Drosophila suggests that SGP migration may also be regulated by
attractive and repulsive cues from various tissues (Weyers et al.,
2011). While there are some differences in the migratory paths
and cues involved, the PGCs and SGPs in these model systems
must integrate signals from multiple sources as they make their
way from their birthplaces to the site of gonad formation.
In C. elegans, the PGCs are internalized passively via association
with the endoderm, much like the ﬁrst phase of Drosophila PGC
ingression (Chihara and Nance, 2012). Given the active migration
of the SGPs to the PGCs, a reasonable hypothesis would be that
the PGCs provide guidance cues that attract the SGPs. However, by
genetically transforming the PGCs using mes-1 RNAi, and by
observing end-1 end-3 mutants where the PGCs are left on the
surface of the embryo, we have shown that the PGCs are not
required for the posterior migration of the SGPs. Although the
SGPs migrate along the lateral edges of the endoderm, genetic
elimination of the endoderm using end-1 end-3 mutants revealed
that this tissue also does not play an important role in SGP
posterior migration. We therefore speculate that SGP migration
cues arise either from another tissue, such as muscle or hypoder-
mis, or from a combination of tissues. Future screens to identify
the genes important for SGP morphogenesis will help clarify the
source and identity of guidance cues.
Although the endoderm and PGCs are dispensable for SGP
posterior migration, both cell types appear to be important for
ﬁnal SGP positioning: when endoderm or PGCs were transformed,
the SGPs did not migrate as far posteriorly as in wild type. It is
possible that the slight anterior shift in position of SGPs is caused
by interference from the transformed cells present in end-1 end-3
or mes-1 mutant embryos, although we noted that the position of
transformed cells in both mutants was variable while SGP ﬁnal
position was reproducible. Furthermore, in the absence of endo-
derm, we noted that SGPs frequently shifted more medially than
normal, whereas when PGCs were absent, the SGPs typically
remained lateral. These ﬁndings suggest that the PGCs induce
the SGPs to shift medially, and the endoderm provides a physical
block or molecular cues that keep the SGPs lateral. In keeping with
this hypothesis, we never observed intercellular spaces between
the endoderm cells, suggesting that they adhere tightly to one
another and create a physical barrier to medial movement by the
SGPs. We suggest that these mechanisms work together to keep
the SGPs separated, helping to ensure that each of the PGCs is
wrapped by a single SGP.
SGP extension of projections
Although the SGPs extend short protrusions during their
posterior migration, upon reaching the PGCs their behavior
changes abruptly and each cell extends a long projection over
the surface of the adjacent PGC. Long projections are also seen
in vivo in some other types of migrating cells, such as Drosophilaborder cells (Fulga and Rorth, 2002; Prasad and Montell, 2007) and
mouse PGCs (Anderson et al., 2000; Blaser et al., 2005; reviewed
by Aman and Piotrowski, 2010; Richardson and Lehmann, 2010). In
particular, Drosophila SGPs extend long projections around indivi-
dual PGCs shortly after the cells come into contact, suggesting that
this behavior is a conserved aspect of gonadal primordium
formation (Jenkins et al., 2003). We similarly observed that SGPs
extend long projections after they ﬁrst come in contact with
the PGCs, but we found that these long projections still formed
in mes-1(RNAi) embryos. While we cannot exclude the possibility
that the transformed PGCs in mes-1(RNAi) embryos retain some
characteristics of wild-type PGCs, these data suggest that SGP
projections are not induced by the PGCs.
Since the SGP projections extend between the PGCs and
endodermal cells, we next hypothesized that endoderm may be
required for SGP projections. However, SGPs still extend projec-
tions in embryos lacking endoderm (Fig. 4E–G). Although SGPs
extend their initial projections around the PGCs and towards the
midline with mirror-symmetry, we showed that the two SGPs
extend projections independently of each other. It is possible that
the SGP projections are controlled cell-autonomously. This appears
to be the case in zebraﬁsh PGCs, as older PGCs transplanted into
younger embryos extend protrusions and migrate to the gonad
before endogenous PGCs do (Blaser et al., 2005; reviewed by Aman
and Piotrowski, 2010).
Our results also suggest that some extrinsic signals control the
directionality and morphology of SGP projections. For example,
we showed that in embryos with transformed PGCs, the SGPs
frequently extended projections in more than one direction, and
only 58% of SGP projections were primarily directed medially,
suggesting that PGCs regulate the directionality of SGP projections.
In wild-type embryos, it is notable that the SGPs extend a long
projection only around the posterior side of the PGCs, even though
they ﬁrst come in contact with the anterior side of the PGCs.
However, in embryos with transformed endoderm, the SGPs
frequently extended projections around whichever PGC surface
they ﬁrst contacted, suggesting that endoderm may help direct the
SGP projections to the posterior side of the PGCs. Additionally, SGP
projections appeared shorter and thicker when endoderm or PGCs
were absent. Thus, while endoderm and PGCs are not needed for
the initiation of SGP projections, they are both required for normal
morphology and organization of the projections.SGP wrapping of the PGCs
A close physical relationship between stem cells and their
niches is a conserved and perhaps essential feature of stem cell
regulation. For example, in the mammalian testes, the Sertoli cells
are tightly associated with the spermatogonial stem cells (SSC),
(reviewed by Oatley and Brinster, 2012). Additionally, the SGPs in
Drosophila individually ensheathe the PGCs (Van Doren et al.,
2003; Jenkins et al., 2003). While the C. elegans gonadal primor-
dium consists of only four cells, C. elegans and Drosophila SGPs
carry out a remarkably similar ensheathment of the PGCs. We
showed that SGP wrapping is unaffected by the absence of
endoderm or the contralateral SGP, but in embryos lacking PGCs,
the SGPs never transitioned from the extension of projections
(Phase 2) into wrapping behaviors (Phase 3). In Drosophila, SGP
ensheathment of PGCs requires the adhesion protein E-cadherin,
which is expressed on the surface of both cell types (Jenkins et al.,
2003; Li et al., 2003; Van Doren et al., 2003; Weyers et al., 2011).
Thus, C. elegans PGCs might also express adhesion proteins on
their surfaces that instruct SGP wrapping behavior. Signiﬁcant
depletion of HMR-1/E-cadherin, however, does not prevent
C. elegans SGPs from wrapping around PGCs (data not shown),
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interaction in C. elegans.
Laminin and SGP over-extension
The basement membrane component laminin plays a role in
many different morphogenetic processes, including directing cell
migrations, inducing cell projections, regulating adhesion, and
polarizing tissues (Huang et al., 2003; Kao et al., 2006; Mori
et al., 2010; Rasmussen et al., 2012; reviewed by Yurchenco, 2011).
In Drosophila, laminin mutations result in the misplacement of the
gonad, or of individual PGCs or SGP clusters (Jaglarz and Howard,
1995; Weyers et al., 2011). In mouse, laminin is expressed broadly
in the embryo, including along the path of PGC migration, and
PGCs end their migration at a region of heightened laminin
(Garcia-Castro et al., 1997). We observed that laminin localized
between germ layers at the time the SGPs migrate posteriorly (see
also Huang et al., 2003; Kao et al., 2006). In particular, we noticed
that laminin was always present around the surfaces of the
endodermal row 8 cells, which the SGPs contact as they extend
their long projections and cease migration. Although laminin was
not required for SGP posterior migration or extension of projec-
tions, we did ﬁnd that laminin depletion caused SGPs to over-
extend signiﬁcantly beyond the PGCs.
How does laminin depletion affect SGP extensions? Since
laminin mutations cause defects in cell adhesion in other tissues
in C. elegans (Huang et al., 2003), one possibility is that laminin
depletion disrupts cell–cell adhesion around the posterior endo-
derm and thus allows the SGPs to extend farther posteriorly,
lateral to these cells. However, when we examined intercellular
spaces in lam-1(RNAi) embryos, we observed even fewer open
spaces, suggesting that SGP over-extension is not the result of
reduced cell–cell adhesion. Basement membrane can also play a
role in cell–cell signaling, either directly via laminin receptors, or
indirectly by trapping and thus concentrating secreted signals
(Wang et al., 2008; reviewed by Yurchenco, 2011). Laminin
depletion could therefore alter the secretion or distribution of a
protein that guides SGP projections. In wild-type embryos, the
SGPs do not stop migrating when they ﬁrst come in contact with
the PGCs. Rather, they stop only after extending a long projection
around the posterior surface of the PGCs, where we observed
laminin localization between the PGCs and endoderm. This region
of laminin expression may directly signal the SGPs to stop
extending posteriorly, or it may trap a “stop” signal released by
neighboring tissues. Since the mechanisms through which laminin
functions in Drosophila and mouse gonad formation are also not
yet known, it will be interesting to learn if laminin functions
similarly in each species.Conclusions
Stem cells are critical for the development and homeostasis of
many tissues, and the regulation provided by the niche is critical for
stem cell survival and proliferation (reviewed by Hubbard, 2007);
Byrd and Kimble, 2009; Lehmann, 2012; Losick et al., 2011).
Interactions and communication between niche cells and stem cells
have been studied most extensively in the gonad of several model
systems, including Drosophila, C. elegans, and mouse (reviewed by
Hubbard, 2007; Lehmann, 2012; Losick et al., 2011; Morrison and
Spradling, 2008). Gonadal development is a complex but critical
process, as SGPs and PGCs respond to a wide variety of signals as
they migrate through the embryo and ﬁnally coalesce to initiate the
niche–stem cell relationship. Research in Drosophila, mouse, and
zebraﬁsh has established some conserved principles of gonadal
development, including cell migrations and SGP extension ofprojections and wrapping of the PGCs. Although it may be the
exception for SGPs to migrate more extensively than PGCs, the
migration of the C. elegans SGPs shares many conserved elements
with PGC migration in other species, in that it is a multi-step
process that requires signals from several tissues to guide the cells
to their ﬁnal position. While the coalescence of the somatic and
germ cells is not as well understood in vertebrates, both Drosophila
and C. elegans SGPs extend long projections around the PGCs,
eventually ensheathing them to form the gonadal primordium. As
there are few systems in which these events are well understood in
real time, our ﬁndings contribute to an overall understanding of the
morphogenetic events of gonadal development.
The mechanisms that control gonadal development in C. elegans
may have implications in other systems as well. Hematopoietic stem
cells are also born away from their niche, and their migration to the
niche appears to be regulated by some of the same genes that
regulate gonadal development (reviewed by Boisset and Robin, 2012;
Mazo et al., 2011; Morrison and Spradling, 2008). And in C. elegans,
the SGPs share a similar wrapping morphology with their grand-
daughter cells, the somatic DTCs, which wrap around the distal end
of each gonad arm and provide a niche for the germline stem cells
(reviewed by Hubbard, 2007). It is interesting to speculate that the
molecular mechanisms controlling these behaviors might also be
shared. Regardless, the early establishment of a close interaction
between the somatic and germ cells highlights the importance of the
relationship between the stem cells and their niche. The study of
C. elegans gonadal development will provide important insights into
our overall understanding of gonadal development, as well as
potential insights into other niche–stem cell interactions that involve
cell migrations or close adhesion between niche cells and stem cells.Acknowledgements
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